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Introduction TATA-binding protein (TUP) is a major component of the transcription factor II11 (TFIID) found in all manmalian cells [1, 2] . The association of TFIID with the TATA box is the first step in the formation of a transcription complex that can initiate the synthesis of ml<NA [X-7] Recent studies suggest that recruitment ofTBP to the promoter can be a rate-limiting step for transcription ir/ viw and that interaction of TBP with the activation domains of other transcription factors may stabilize the binding ofTBP to the promoter [8, 9] .TUP is highly conserved in eukaryotic organisms and is one of the most intensively studied proteins involved in transcriptionThe shape of the carboAT-terminal portion ofTUP resembles a saddle cousisting of two roughly symmetric halves [lo] . The inner surface of the saddle interacts with the minor groove of the TATA cequence, causing striking distortions in DNA [ 1 l-131. The minor groove of the TATA box is [Tidened and flattened and interacts with the whole concave underside of the molecular saddle through a variety of hydrophilic and hydrophobic contacts 13, IO]. As a consequence of this unprecedented mode of interaction between a DNA-binding protein and DNA, the entu-e TATA box is severely bent through an angle of about 80 toward the major groove, with an associated unminding of the TATA box of about 100. [ 1 l-l 31.
Despite the detailed structural analysis of TBP and the TUI'-TATA box complex, several important features remain to be examined. Among these are the question of how TUP binding affects the structure of the regions that flank the TATA box and the structural origin of the asynirnetry that follows initiation of transcription at the 3'-side of the TATA box, as a result of binding of an almost symmetric protein. We wished to explore the possibility that the asymmetric effect ofTBP binding to the TATA sequence might be due to a transient unwinding occurring preferentially to the downstream side of the TATA box. We therefore designed experimeuts with pluramycin, which should preferentially intercalate in uuwouud LINK sites. Thus, dynamic effects propagated preferentially to one side or the other of the TATA box as a consequence of the TBl'-iuduced unwinding of the TATA site can be monitored. Pluramycin ( Fig. la) is a member of the family of anthraquinone-derived antitumor antibiotics, which are broadly characterized as DNA-threading intercalation agents ( Fig. 1 b) [14-l 81. In addition to their intercalation properties, these drugs also form covalent adducts with N7 of guanine, which upon heat treatment give rise to DNA strand breakage products [ 151, thus revealing their site of intercalation ( Fig. 1 c) .
Results
Specific and nonspecific binding of hTBP to DNA containing a TATA box A DNase I protection assay was carried out initially to monitor the kinetics of formation of the human TBP (hTBI')-TATA box complex using a G-base-pair (bp), double-stranded oligonucleotide (64M) (see Fig. 2 ) containing the muscle-specific promoter of the human myoglobin gene [19, 20] .As illustrated in Figure 3a (lanes 2 and lo), the TATA box (5'-TATAAAAA) was completely protected from DNase I digestion in the absence of competitor DNA, and a region exterior to the TATA box was also weakly protected by hTBP (see brackets to the right of lane 10 in Figure 3a , denoting specific and nonspecific hTBP binding). To quantitate the affinity of hTBP for the flanking region of the TATA box (nonspecific binding) and for the TATA box region (specific binding), unlabeled template DNA (40 molar excess) was added to each reaction, and the dissociation of the hTBP-DNA complex was analyzed by DNase I footprinting after various intervals. The autoradiogram in Figure 3a was scanned by an LBK laser scanner, and the fraction of the specific and nonspecific hTBP-DNA complexes was calculated to determine the dissociation rates of the hTBP-DNA complexes in solution. By plotting the natural log of the fraction of probe DNA bound versus time, the first-order dissociation rate constants were calculated (Fig. 3b) . As expected, the nonspecific complex between hTBP and the flanking regions of the TATA box was much less stable, with a halflife of 10 min, while the specific complex between hTBP and the TATA box region was much more stable, with a half-life of 120 min. The dissociation rate constants for the specific and nonspecific hTBP-DNA complexes in solution were calculated to be 8.9 x 10-j s-l and 2.6 x lop3 SC', respectively. The -30-fold difference in dissociation rates for the two types of hTBP binding sites provides evidence for both a class of weak, nonspecific binding sites between hTBP and the TATA binding region and a class of stronger, specific binding sites that have also been found with yeast TBP (yTBP) [21] . A similar pattern of protection was also observed with yTBP (unpublished results), but in this case, a region exterior to the TATA box was more weakly protected by yTBP compared to hTBP Furthermore.
the nonspecific complex between yTBP and [(&I strand] are DNase I footprinting without and with hTBP, respectively.
For (a), lanes 4 and 6 contained 100 nM of pluramycin (final concentration) and lanes 5 and 7 contained 400 nM of pluramycin.
Drug modification was carried out for a period of 5 min.
For (b), lanes 4 and 5 contained 400 nM of pluramycin.
the TATA box, as is the dampened reactivity of the other sites on both sides of the TATA box. To determine if sequence context could change the pattern of enhanced and diminished reactivity, a second sequence (64MI), in which the flanking sequences to the TATA box were different, was also tested for this asymmetric pattern of pluramycin modification in the presence of hTBP Effect of multiple pluramycin intercalation sites on both sides of the TATA box Although the natural myoglobin muscle promoter TATA sequence was useful in that it provided a result suggestive of a downstream side-specific effect ofTBP binding on pluramycin intercalation, it suffered from three potential drawbacks. First, a previous study on the sequence selectivity of pluramycin [ 161 has revealed that pluramycin prefers the 5'-CG* sequence to the 5'-AG*, 5'-TG*, and 5'-GG* sequences (* indicates the pluramycin modification site). Therefore, we could not exclude the possibility that the absence of 5'-CG* sequences on the upstream side of the TATA box might affect the overall efficiency of pluramycin modification in that region. Second, the enhanced pluramycin reactivity site might be a function of a special sequence context in proximity to the binding of hTBP to the TATA box. Third, this natural sequence did not reveal whether the effect was also specific for a site at a predetermined distance from the TATA box, in addition to being selective for the downstream side. Therefore, a new DNA template was designed in which repetitive 5'-CG* sequences were included on both strands of the upstream and downstream sides of the TATA box in order to map precisely the hTBP-induced intercalative high-reactivity sites for pluramycin (see 64MI in Fig. 5d ). Figure 5a ,b shows an experiment similar to that shown in Figure 4 using the new DNA template. Pluramycin showed enhanced intercalation/alkylation reactivity with only a single site (c* in Fig. 5c ), which is located on the downstream side of the TATA box. Other sites (d, e, f, i, j and k) on the downstream side showed diminished reactivity or, in one case (h), similar reactivity. Significantly, site 'h' is located on the other side of the pluramycin intercalation site, which shows enhanced reactivity on the other strand (site c, Fig. 5~ ). Sites on the upstream side (a, b, and g) all showed reduced reactivity (see Fig. 5~ ). Therefore, the results using the natural myoglobin muscle enhancer sequence ( Fig. 4) and those using the artificial sequence containing multiple CG* sites for pluramycin modification are entirely consistent and reveal that binding of hTBP to the TATA box results in enhancement of pluramycin intercalation/reactivity that is specific for the downstream ride of the TATA box and for a site immediately to the 3'-side of the TATA box (both results are summarized in Fig. 5d ). In addition, a common site on the opposite strand, which is located on the other side of the pluramycin intercalation site in both 64M and 64M1, shows negligible changes in alkylation reactivity. Therefore, these results suggest that it is unlikely that these common sites of enhanced or similar pluramycin reactivity in 64M and 64MI are due to either a structural consequence of a specific sequence context or the inherent sequence selectivity of pluramycin, but they are in accord with a common unwinding site at this 5'-CC sequence, resulting from TBP binding to the adjacent sequence.
Effect of pluramycin modification on conversion of nonspecific to specific hTBP-TATA-box complexes
Since hTBP binding to the TATA box creates a high reactivity intercalation site for pluraniycin, it was important to determine how pluramycin would affect conversion of nonspecific to specific hTBP-DNA complexes. A gel mobility shift assay was used to monitor the conversion of nonspecific to specific hTBP complexes at 37 "C by adding a %-molar excess of unlabeled competitor DNA and drawing aliquots at various times, which were then immediately loaded onto a native gel at 4 "C.Three parallel incubations were carried out without drug (control) or with pluramycin or (+)-CC-l065 (a minor-groove adenine N3 alkylating agent) added at the same time as competitor DNA.The results in Figure 6a (graphically represented in Fig. hb) , show that in the presence of pluramycin the amount of conversion of the nonspecific to the specific complex was significantly increased compared to a control experiment without pluramycin (compare left and middle panels).This is in sharp contrast to an experiment in which the conversion to the specific complex was almost completely inhibited in the presence of (+)-CC-1065 presumably due to the selective modification of the minor groove of the TATA box by (+)-CC-1065 (see right panel; our unpublished data).
Subsequently DNA was isolated from both the unbound and the hTBP-bound samples (I and II in Fig. 7a ), and the thermal strand-breakage assay was then used to determine the extent and the site selectivity of pluramycin modification in both samples of DNA on the (f) and (-) strands (Fig. 7b) . In accord with previous experiments, this assay reveals that pluramycin modification is specifically enriched at the two adjacent guanines on opposite strands immediately to the downstream side of the TATA box in the specific hTBP-bound DNA (compare lanes B and F in Figure 7b for both the (f) and (-) strands).
To obtain further evidence for the increased conversion of nonspecific to specific complexes in the presence of pluramycin, the effect of increasing quantities of drug in the incubation mixture on the amount of the specific hTBP-DNA complexes was analyzed by the gel mobility shift assay.The results shown in Figure 8 indicate that as the concentration of pluramycin is increased, the amount of the hTBP-DNA complex also increases,
In a parallel experiment, the pluramycinmodified DNA was recovered from the hTBP-DNA the results reported here, because binding of hedamycin to the guanine (G*) dj a 'acent to the 3'-side of the TATA box in this promoter (5'-TATAAAAG*GG) blocks the insertion of the amino-terminal pair of phenylalanine residues into the ApG dinucleotide, presumably resulting in the prevention of TBP-DNA complex formation.
We have recently shown that these antibiotics interact with DNA in a threading intercalating mode, but they also alkylate N7 of guanine with a sequence specificity that lies to the 5'-side of the covalently modified guanine [ 14-181. As a requirement for pluramycin reaction with DNA, the helix must be unwound and the minor groove must be accessible to the sugar moieties of pluramycin (see Fig. lb of a deformation of DNA at, or adjacent to, the enhanced pluramycin reactivity/intercalation site. In fact, at the 8-9 and 9-10 dinucleotides (pluramycin intercalates between base pairs 9 and IO, numbered with the first T of TATA as nucleotide 1; see Fig. 5d ), the cocrystals show B-form DNA. Therefore, we propose that pluramycin is detecting a transient unwinding effect to differentiate between the possibility that enhanced reactivity of pluramycin at this site is a direct effect of a stable change in minor groove geometry at the upstream base pair, providing an increased proximity effect at the alkylation site, and the possibility that the indirect unwinding effect is transient and related to the adjacent binding of hTBP to DNA. We believe the former explanation, involving a favorable n~inor-t:roove geometry change, is unlikely because this would be revealed in the X-ray studies. It would also be sequence dependent, and therefore should result in sites of enhancement that would vary with the different flanking sequences (such as in 64M and h3MI). This is cledrlv not the case , since the site of pluramycinenhanced reactivity occurs at just one defined position relative to the TATA box, irrespective of sequence context. On the contrary, this observation argues for a source that is common to both the NM and &%MI sequences (that is, the TBI'-5'-TATAAAAA sequence complex) and i\ independent of sequence context.
We propose that the enhanced pluramycin reactivity is due to a transient unwinding effect occurring specifically at the 9-10 dinucleotide step that stabilizes pluramycin intercalation at this site. This proposal is consistent with the enhanced reactivity at site 'c' and no change in reactiviq at site 'h' (Fig. 5c ) and the corresponding pluramycm reactivities shown in Figure  4 . Furthermore, pluramycin intercalation adjacent to the hTBP-TATAbox complex appears to be associated with a 'specific' binding mode that stabilizes a ternary complex in which compensatory alterations occur in DNA induced by both ligands.This conclusion is further supported by competition experiments showing the enrichment of DNA specifically modified by pluramycin at the enhancement site in specific hTBP-TATA box complexes and by the increased efficiency of circularization of the C2 species in the presence of pluramycin demonstrated in the ligation experiments.
Last, in order to determine directly the effect of flexibility of adjacent base pairs to pluramycin alkylation, we have determined the relative reactivity of a site having a one-base bulge to the 5'-side of the intercalation/guanine alkylation site for pluramycin. Such onebase bulges dramatically increase the covalent reactivity of the adjacent guanine to pluramycin (10 to 100 times greater reactivity) (S.-J. Lee, M. Hansen and L.H.H., unpublished results). This is consistent with the proposal presented here that the adjacent binding of hTBP produces an unwinding of the CG dinucleotide and, thus, enhanced reactivity of pluramycin.
The dynamic effects of pluramycin modification of the region immediately downstream of the TATA box on the hTBP-DNA complex are also very informative. Pluramycin binding to this downstream region causes an increased conversion of nonspecific to specific complexes and a pronounced stabilization of the specific hTBP-DNA complex (in the absence of pluramycin, the half-life is 120 min, whereas in the presence of pluramycin, no significant dissociation was found during the same time period; see Fig. 9 11) . Docking of the covalently bound pluramycin in an unwound site at the 9-10 position, so that alkylation occurs at site 'c' (Fig. 5c) , did not produce any steric clashes between pluramycin and TBP After minimizing in vucuo, Lys97 forms an H-bond with a phosphate flanking the pluramycin binding site on the minorgroove side and the 0-acetyl group of pluramycin, but this may be an artifact of the in vucuo minimization (Fig. lla) . It is intriguing that the major-groove side of the pluramycin intercalation site is wide open for interaction with other components of the transcriptional activation system, and if the 9-10 dinucleotide was unwound, it could be captured by an appropriately positioned aromatic moiety (Fig. 1 lb) . Based upon these observations and the model of the pluramycin-TBP-TATA-box complex (Fig. 1 l) 
